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Summary
Stem cells uniquely self-renew and maintain tissue
homoeostasis by differentiating into different cell
types to replace aged or damaged cells [1]. During
oogenesis of Drosophila melanogaster, self-renewal
of germline stem cells (GSCs) requires both intrinsic
signaling mechanisms and extrinsic signals from
neighboring niche cells [2]. Emerging evidence sug-
gests that microRNA (miRNA)-mediated translational
regulation may also control Drosophila GSC self-
renewal [3,4]. It isunclear,however,whether themiRNA
pathway functions within stem cells or niche cells to
maintain GSCs. In Drosophila, Dicer-1 (Dcr-1) and the
double-stranded RNA binding protein Loquacious
(Loqs) catalyze miRNA biogenesis [3–5]. Here, we gen-
erate loqs knockout (loqsKO) flies by ends-out homolo-
gous recombination and show that loqs is essential for
embryonic viability and ovarian GSC maintenance.
Both developmental and miRNA processing defects
are rescued by transgenic expression of Loqs-PB,
but not Loqs-PA. Furthermore, mosaic germline analy-
sis indicates that Loqs is required intrinsically for GSC
maintenance. Consistently, GSCs are restored in loqs
mutant ovaries by germline expression, but not so-
matic expression, of Loqs-PB. Together, these results
demonstrate that Loqs-PB, but not Loqs-PA, is neces-
sary and sufficient forDrosophiladevelopment and the
miRNA pathway. Our study strongly suggests that
miRNAs play an intrinsic, but not extrinsic, role in
Drosophila female GSC self-renewal.
Results and Discussion
In Drosophila melanogaster, the germline stem cell
(GSC) divides asymmetrically to replenish itself and pro-
duce a differentiated daughter cystoblast (CB) that initi-
ates oogenesis. The neighboring somatic cells, such as
terminal filament cells, cap cells, and inner sheath cells,
constitute a niche that provides extrinsic signals regu-
lating GSC maintenance and differentiation [2]. For ex-
ample, cap cells produce a localized gradient of Dpp
signal that activates a canonical Smad signaling cas-
cade inside GSCs [6]. The Smad proteins, Mad and Me-
dea, act as silencer element binding proteins to block
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3 These authors contributed equally to this work.transcription of bam, a key factor required for CB differ-
entiation [7, 8]. In addition, translational regulation plays
an intrinsic role in GSC self-renewal. The Nanos (Nos)/
Pumilio (Pum) complex is required for GSC maintenance
by blocking translation of transcripts that promote GSC
differentiation [9–12]. Thus, both extrinsic (somatic) and
intrinsic (germline) factors coordinately regulate GSC
maintenance and differentiation.
MicroRNAs (miRNAs) are a family of 21–25 nucleotide
(nt) cellular RNAs that mediate translational repression
and/or mRNA degradation by binding to the 30 untrans-
lated region of cognate mRNA [13–16]. In Drosophila,
the ribonuclease III enzyme Dicer-1 (Dcr-1) functions to-
gether with the double-stranded RNA binding protein,
known as Loquacious (Loqs), to catalyze biogenesis of
miRNAs from endogenously produced stem-loop pre-
cursors (pre-miRNAs) [3–5]. The two Loqs isoforms,
PA and PB, are produced by alternative splicing in fly tis-
sues throughout development [3–5]. Both Loqs-PA and
Loqs-PB contain three dsRNA binding domains, but
Loqs-PA is smaller than Loqs-PB by 46 amino acids.
Loqs-PB and, to a lesser extent, Loqs-PA enhance the
miRNA-generating activity of Dcr-1 by increasing affinity
for pre-miRNAs [4].
Recent reports described a single, hypomorphic
loqsf00791 allele caused by insertion of a piggyBac trans-
poson that displayed GSC loss and female sterility [3, 4].
These preliminary studies suggested that the miRNA
pathway might be critical for GSC self-renewal. This con-
clusion, however, was confounded by recent findings of
a second mutation on the same loqsf00791 chromosome
and that loqsf00791 mutation did not cosegregate with
female sterility (data not shown). It is also uncertain
whether Loqs or, by extension, the miRNA pathway plays
an intrinsic (germline) or extrinsic (somatic) role in main-
taining Drosophila female GSCs.
To determine the physiological functions of Loqs, we
generated loqsKO flies by gene targeting through ends-
out homologous recombination (see the Experiemental
Procedures in the Supplemental Data available online)
[17]. The targeting construct consisted of a mini-white
marker gene flanked by 4.4 kb and 2.3 kb genomic se-
quences surrounding the loqs open reading frame
(ORF) (Figure 1A). Homologous recombination between
the donor DNA and endogenous loqs locus created a
null allele by replacing the entire loqs ORF with the
mini-white transgene. Thirty-four independent loqsKO
lines were identified by genomic PCR and confirmed
by Southern blots (Figure 1B and data not shown). The
phenotypes as described below were consistent among
multiple loqsKO alleles. Since mutant homozygotes were
found at sub-Mendelian ratios, we performed a standard
lethal phase analysis of loqsKO flies. As shown in Fig-
ure 1C, loqsKO embryos hatched and developed at rates
similar to wild-type controls, and most mutant larvae
underwent pupariation. However, viability dropped pre-
cipitously at the pupa/adult transition. While most mu-
tant animals died during eclosion, even those (w10%)
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534Figure 1. Generation and Characterization of loqsKO Flies
(A) (Aa) Wild-type loqs gene locus. (Ab) The donor-targeting transgene. The mini-white marker gene was surrounded by 4.4 kb and 2.3 kb
homology arms and further flanked by two I-SceI restriction sites and two FRT sites. (Ac) The loqsKO locus. Restriction maps of wild-type
and loqsKO loci are shown for KpnI and EcoRI. The short bars in (Aa) represent 50 and 30 external probes for Southern blots.
(B) 50 (lanes 1–6) or 30 (lanes 7–12) Southern blots using, respectively, KpnI- or EcoRI-digested genomic DNA of whole flies. WT, w1118 flies; DT,
donor transgenic flies; KO, heterozygous KO flies.
(C) A lethal phase analysis of wild-type (w1118) and homozygous loqsKO (n = 338), MZ-loqsKO (n = 121), or dcr-1Q1147X (n = 127) mutant animals. We
used a GFP-marked balancer chromosome to sort homozygous mutant embryos by the lack of GFP expression. Development was monitored on
apple juice/agar plate from embryos to adults over 10–12 days.
(D) The levels of Loqs and R2D2 proteins were measured by western blots in lysates prepared from wild-type (WT, odd lanes) or homozygous
loqsKO (KO, even lanes) embryos (lanes 1 and 2), larvae (lanes 3 and 4), and young adults (lanes 5 and 6). PB (piggyBac) refers to the hypomorphic
loqsf00791 mutant flies (lane 7) and is used here for space considerations.that emerged were nearly paralyzed and died shortly
after.
Interestingly, Loqs-PA and Loqs-PB were both pres-
ent at wild-type levels in the loqsKO embryos and larvae,
but neither protein was detected in loqsKO young adults
(Figure 1D). These results suggested that Loqs proteins
were maternally loaded and probably exhausted at the
pupa/adult transition in the zygotic loqs null animals.
Furthermore, we determined that Loqs was essential
for early embryogenesis by eliminating the maternal
contribution of Loqs via the FLP-OvoD system [18].
The maternal and zygotic (MZ)-loqsKO embryos could
not develop past the first instar larvae stage, whichwas similar to the lethal phase of embryos lacking
Dcr-1 (Figure 1C).
Previous data showed that Loqs-PA was the major
isoform expressed in the testis, whereas Loqs-PB pre-
dominated in the ovary [3], suggesting that the two Loqs
isoforms might have distinct functions during develop-
ment. To examine this possibility, we constructed trans-
genes expressing either Loqs-PA or Loqs-PB from the
endogenous promoter (Figure S1). All developmental
phenotypes of loqsKO animals could be rescued by
transgenic expression of physiological levels of Loqs-
PB, but not Loqs-PA (Figures 2A and 2B). Furthermore,
the rate of pre-miRNA processing was diminished in
miRNAs Control GSC Self-Renewal
535Figure 2. Loqs-PB, but Not Loqs-PA, Is Sufficient for Drosophila Development and the miRNA Pathway
(A) Crosses were set up in triplicate. Each vial contained three heterozygous males and five heterozygous females with or without either the
P{loqs-PA} or P{loqs-PB} transgene under the endogenous promoter. The y axis is the number of homozygous progeny per cross.
(B) Crosses were set up in triplicate. Each vial contained threew1118 males and five heterozygous or homozygous loqsKO females that carried the
P{loqs-PA} or P{loqs-PB} rescuing transgene. The y axis is the number of progeny per cross.
(C) The pre-miRNA-processing assays were performed as described [15] in buffer or with 10 mg whole-fly extracts prepared from wild-type (WT)
and homozygous loqsKO flies without (KO) or with the P{loqs-PA} or P{loqs-PB} transgene.
(D) Northern blots for mir-277, mir-8, and bantam using total RNA isolated from whole flies of various genotypes as in (C). The size marker was
shown on the left, whereas 2S RNA was probed as loading controls. Arrows and arrowheads corresponded to pre-miRNAs and mature miRNAs.loqs null extracts but was restored by Loqs-PB, but
not by Loqs-PA (Figure 2C). As shown by northern blot-
ting, the miRNA processing defects seen in loqsKO flies,
such as accumulation of pre-miRNAs and reduction of
miRNAs, were fully rescued by Loqs-PB expression,
but not by Loqs-PA expression (Figure 2D). Thus, ge-
netic and biochemical analysis indicated that Loqs-PB,
but not Loqs-PA, was necessary and sufficient for
Drosophila development and the miRNA pathway.
We dissected ovaries from newly eclosed wild-type
and homozygous loqsKO females and immunostained
them with anti-VASA (a marker for germ cells) and anti-
Hu Li Tai Shao (Hts) antibodies (a marker for fusome).
In wild-type germaria, two or three GSCs were identified
by their anterior-positioned round fusomes and apposi-
tion to the terminal filament and cap cells (Figure 3Ab).
Additionally, there were many VASA-positive germ cells
and a normal array of developing egg chambers (Fig-
ure 3Ab). In contrast, we observed empty germaria
accompanied by one or two terminal stage egg cham-
bers in the majority of loqsKO young females (Figure 3Ac).
This phenotype was much more severe than that of par-
tial loss-of-function loqsf00791 mutant [3, 4], suggesting
that Loqs was required for establishing and/or maintain-
ing ovarian GSCs.
Because homozygous loqsKO flies were mostly lethal,
we measured the rates of GSC loss in viable loqsf00791/loqsKO females with or without the P{loqs-PA} or
P{loqs-PB} rescuing transgene. While wild-type germa-
ria contained two to three GSCs at 10 days after eclo-
sion, loqsf00791/loqsKO mutant ovarioles retained an
average of 0.5 GSC per germarium (Figure 3B). Further-
more, the number of GSCs was fully restored in
loqsf00791/loqsKO females that specifically expressed
Loqs-PB from the endogenous promoter (Figure 3B).
Thus, Loqs-PB, but not Loqs-PA, was necessary and
sufficient for Drosophila female GSC maintenance.
In the loqsf00791/loqsKO mutant germaria, we often ob-
served differentiated CBs with posterior-positioned fu-
somes at the location of GSCs (Figure 3Ad), suggesting
that GSCs lacking Loqs were lost by precocious differ-
entiation. Thus, we generated loqs bam double mutant
flies to determine if the loss of loqs2GSCs would require
bam, a key factor necessary for CB differentiation. As
shown in Figure 3C, the loqs bam double mutant phe-
nocopied bam single mutant by producing germ cell
tumors. Moreover, the loqs bam GSCs were retained,
as shown by the retention of anterior-positioned germ
cells with a round fusome and lacking expression of a
P{bamP-GFP} reporter (arrowheads). Consistent with
this, immunostaining showed that Bam expression was
silenced in loqs2 GSCs (data not shown). These results
suggested that GSCs lacking Loqs precociously differ-
entiated to CBs in a bam-dependent manner.
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(A) (Aa) A schematic diagram of a germarium with germ cells (green), terminal filament (TF) and cap cells (CpC) (blue), and fusomes (red). Ovaries
dissected from wild-type ([Ab],w1118), loqsKO (Ac), loqsf00791/loqsKO (Ad), loqsf00791/loqsKO;P{loqs-PB} (Ae), and loqsf00791/loqsKO;P{loqs-PA} (Af)
females were stained with DAPI (blue) for nuclei, anti-VASA antibody (green) for germ cells, and anti-Hts antibody (red) for fusome. GSCs (empty
arrowheads) were identified as VASA-positive germ cells with round anterior-positioned fusomes and apposed to terminal filament (TF) and cap
cells (CpC). Yellow arrowheads refer to differentiated CBs with round posterior-positioned fusomes.
(B) The number of GSCs per germarium (y axis) was quantified at 3 and 10 days posteclosion. Error bars represent standard deviation. Genotypes
were listed below the x axis.
(C) Ovaries of loqs or bam single mutant and loqs bam double mutant females carrying a P{bamP-GFP} reporter were immunostained with DAPI
(blue) and anti-GFP (green) and anti-Hts antibodies. Arrowheads represent GSCs lacking expression of bamP-GFP.Because GSC self-renewal requires both intrinsic and
extrinsic signaling mechanisms [10, 11], it is important to
determine if Loqs functions within stem cells or somatic
niche cells to promote GSC self-renewal. To distinguish
between these possibilities, we generated mosaic
germlines by using FLP/FRT-mediated mitotic recombi-
nation [19]. GSC clones lacking Loqs could be readily
identified by the lack of GFP expression in heterozygous
loqsKO females (Experimental Procedures). This method
allowed us to bypass the lethality of homozygous loqsKO
animals and to investigate cell-specific requirements for
Loqs in ovarian GSC maintenance.
We followed GFP-negative loqs2 GSCs for three
weeks after induction of mitotic clones to assess the
rate of GSC loss (Figure 4A). The number of germaria re-
taining wild-type GSCs declined from 41% to 31% over
21 days in the control experiment (Figure 4B). This cor-
responded to a GSC half-life of 42 days, consistent
with the GSC lifetime calculated in previous studies
[6, 20]. In contrast, the number of germaria bearing
loqs2 GSC clones declined from 47% to 0 over 3 weeks
(Figure 4B). This represented a half-life of only 6 days,
which was similar to the half-life calculated for muta-
tions in other genes essential for GSC maintenance,such as mad [6]. These results indicated that Loqs was
required cell autonomously for GSC maintenance.
The germline mosaic analysis did not exclude an addi-
tional extrinsic requirement for Loqs in somatic niche
cells. We addressed this question by using the Gal4-
UAS system to drive cell lineage-specific expression of
Loqs-PB in the germline cells (P{nos-Gal4:VP16}), termi-
nal filament and cap cells (P{bab-Gal4}), or inner sheath
cells (P{c587-Gal4}) [21–23]. At 13 days posteclosion,
loqsmutant females had on average 0.5 GSC per germa-
rium, whereas loqs mutant females with germline ex-
pression of Loqs-PB retained GSCs in numbers compa-
rable to age-matched wild-type females (Figure 4D). In
contrast, somatic expression of Loqs-PB could not
maintain loqs mutant GSCs (Figure 4D). Also, examina-
tion of mosaic loqs mutant follicle cells did not reveal a
role for Loqs function in follicle cell development (data
not shown). Therefore, we concluded that Loqs-PB
was required intrinsically, but not extrinsically, for self-
renewal of ovarian GSCs.
A previous study, however, showed that GSCs lacking
Dcr-1 were not lost from the germarium but stalled at the
G1/S boundary due to a failure to repress Dacapo, a
cyclin-dependent kinase (Cdk) inhibitor [24]. Thus, it is
miRNAs Control GSC Self-Renewal
537Figure 4. Loqs-PB Is Required Intrinsically, but Not Extrinsically, for GSC Self-Renewal
(A) Images of a heat-shock-induced mosaic germarium at 6 or 10 days post heat shock to measure the half-life of wild-type or loqs2 GSCs. The
GFP-negative loqs2 germ cells are marked by dotted lines.
(B) Quantification of the time course clonal analysis to measure the half-life of wild-type or loqs2 GSCs. Percentages reflect the number of ger-
maria containing loqs2 or control loqs+ GSCs clones (n > 100 germaria per genotype per time point).
(C) Expression patterns of different Gal4 drivers as shown with a P{UASp-GFP} reporter in germline cells (P{nos-Gal4:VP16}), terminal filament
and cap cells (P{bab-Gal4}), and inner sheath cells (P{c587-Gal4}).
(D) Different Gal4 drivers (color coded in inset) were used to direct cell lineage-specific expression of P{UASp:loqs-PB} to rescue GSC loss in
loqsf00791/loqsKO females. The number of GSCs per germarium was counted at 13 days posteclosion as described above (n > 50 germaria
per genotype; error bars represent standard deviation).possible that the miRNA pathway controls both cell cy-
cle progression and self-renewal of ovarian GSCs. We
suspect that the dcr-1 mutant phenotype represents
a more severe impairment of GSC function than that
seen in loqs2 GSCs. For example, inactivation of Dcr-1
may disrupt all miRNA processing and cause GSCs
to stall before reaching the point at which they could
differentiate into CBs. By contrast, the lack of Loqs, a
cofactor of Dcr-1, may only affect some miRNAs that
specifically control GSC self-renewal. Alternatively,
Dcr-1 may have Loqs-independent functions beyond
miRNA biogenesis.
In summary, we have generated loqsKO flies by ends-
out homologous recombination. We demonstrated thatLoqs-PB, but not Loqs-PA, is necessary and sufficient
for Drosophila development and the miRNA pathway.
Our data strongly suggested that Loqs-PB and, by ex-
tension, the miRNA pathway played an intrinsic (germ-
line), but not extrinsic (somatic), role in self-renewal of
Drosophila female GSCs. We propose that the miRNA
pathway facilitates GSC self-renewal by blocking trans-
lation of transcripts that promote CB differentiation,
similar to the proposed functions of nos and pum
[10, 11]. The miRNA pathway may cooperate with the
Nos/Pum complex to repress translation of the same
transcripts or may independently target different sets
of mRNAs in order to prevent precocious GSC differen-
tiation. Accordingly, the paradigm of miRNA-mediated
Current Biology
538translation regulation may be required for self-renewal
of stem cells in higher eukaryotes, such as humans.
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Note Added in Proof
A similar study has recently shown that Dcr-1 also intrinsically con-
trols self-renewal of Drosophila germline stem cells: Jin, Z., and
Xie, T. (2007). Dcr-1 maintainsDrosophila ovarian stem cells. Current
Biology 17, in press. Published online February 15, 2007. 10.1016/
j.cub.2007.01.050.
